Abstract Echocardiographic measurements of diastolic function have not been validated against invasive pressurevolume loop (PVL) analysis in the single-ventricle population. The authors hypothesized that echocardiographic measures of diastolic function would correlate with PVL indices of diastolic function in patients with a single-ventricle physiology. The conductance-derived PVL measures of diastolic function included the isovolumic relaxation time constant (s), the maximum rate of ventricular pressure decline (peak -dP/dt), and a measure of passive diastolic stiffness (l). The echocardiographic measures included Doppler inflow patterns of the dominant atrioventricular valve (DAVV), tissue Doppler velocities (TDI) at the lateral (ventricular free wall) component of the DAVV annulus, and the TDI-derived isovolumic relaxation time (IVRT 0 ). The correlation between PVL and echocardiographic measures was examined. The study enrolled 13 patients at various stages of surgical palliation. The median age of the patients was 3 years (range 3 months to 19 years). s correlated well with Doppler E:A (r = 0.832; The current management strategy for children with singleventricle physiology is staged surgical palliation, ultimately leading to total cavopulmonary connection (TCPC) circulation. This physiology requires blood to flow passively from the systemic veins directly through the pulmonary vasculature. The presence of systolic or diastolic dysfunction in the systemic ventricle of these patients often translates to higher pressures within the TCPC pathway, which increases the risk for significant postoperative morbidity, early surgical palliation failure, and death [2, 10, 19, 32] . Moreover, evidence exists to show abnormal baseline diastolic function in this population compared with normal patients, likely due to abnormal loading conditions and morphologic adaptation of the single ventricle [1, 12, 24, 29, 30] . Unfortunately, assessment of diastolic function in this population is challenging and relies largely on adaptation of noninvasive indices designed to evaluate heart failure in adults with normal biventricular anatomy. Therefore, the development and validation of accurate,
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The current management strategy for children with singleventricle physiology is staged surgical palliation, ultimately leading to total cavopulmonary connection (TCPC) circulation. This physiology requires blood to flow passively from the systemic veins directly through the pulmonary vasculature. The presence of systolic or diastolic dysfunction in the systemic ventricle of these patients often translates to higher pressures within the TCPC pathway, which increases the risk for significant postoperative morbidity, early surgical palliation failure, and death [2, 10, 19, 32] . Moreover, evidence exists to show abnormal baseline diastolic function in this population compared with normal patients, likely due to abnormal loading conditions and morphologic adaptation of the single ventricle [1, 12, 24, 29, 30] . Unfortunately, assessment of diastolic function in this population is challenging and relies largely on adaptation of noninvasive indices designed to evaluate heart failure in adults with normal biventricular anatomy. Therefore, the development and validation of accurate, noninvasive indices to assess diastolic function in the single-ventricle population is paramount.
Considerable interest has focused on the contribution of diastolic dysfunction to adult heart failure. Research in this area has produced a number of echocardiographic methods to evaluate diastolic dysfunction. To identify more sensitive measures of diastolic dysfunction, echocardiographic measurements of diastolic function have been compared with gold-standard measures derived from pressure-volume loop (PVL) analysis via conductance in the adult heart failure population [15, 25, 27] . However, such comparison has not been performed in the single-ventricle population. Fortunately, the availability of safe pediatric-sized conductance catheters offers a unique opportunity to compare echocardiographic diastolic measures with those derived from PVL analysis in the single-ventricle population [14] .
This investigation aimed to compare echocardiographic measures of diastolic function in patients with a single ventricle against reference standard markers obtained by conductance-derived PVL analysis. We hypothesized that noninvasive echocardiographic measures of diastolic function would correlate with PVL indices of diastolic function in these patients.
Materials and Methods
This study represents a secondary analysis of a multiinstitutional cross-sectional study: the Multi-Scale Modeling of Single-Ventricle Hearts for Clinical Decision Support study by the Modeling of Congenital Hearts Alliance (MOCHA) investigators. This primary study aimed to enroll a heterogeneous sample of patients with singleventricle physiology to develop computational and engineering models of single-ventricle physiology as well as a software application for use in clinical decision making.
Patient Population
All patients with functionally single-ventricle anatomy undergoing routine diagnostic heart catheterization were recruited at the following time points: before the stage 2 procedure, after the stage 2 procedure (superior cavopulmonary connection: hemi-Fontan or bidirectional Glenn), or after the stage 3 procedure (total cavopulmonary connection: intra-or extracardiac Fontan procedure with or without fenestration). The exclusion criteria ruled out medical status that posed more than a minimal risk for the study participant as determined by the attending physician, nonsinus rhythm, interrupted inferior caval vein, anomalous pulmonary venous drainage, renal insufficiency, or any condition that precluded magnetic resonance imaging (MRI). The protocol was approved by our institutional review board. Informed consent was obtained from the parent or legal guardian of minors or from the participants 18 years of age or older.
Catheterization
All invasive hemodynamic data were collected after the patient's primary diagnostic procedure. All the patients underwent general anesthesia per the institution's protocol. Pressure-volume loops were obtained through direct measurement using microconductance catheters (CD Leycom, Zoetermeer, Netherlands).
The 4-Fr pigtail microconductance catheters used in this study were designed to be placed using a retrograde approach and to sit midventricle, avoiding the ventricular walls. We placed them in an antegrade position across the atrioventricular valve in post-stage 1 and post-stage 2 patients to avoid the need for arterial sheath placement. A 5-Fr transseptal sheath was used to aid in stable positioning of the catheter. In the post-stage 3 patients, a 4-Fr microconductance catheter was placed into the single ventricle using a retrograde approach.
Pressure and volume data were obtained using standard equipment approved for use in human subjects (INCA intracardiac analyzer; CD Leycom). Careful attention was given to placement of the conductance catheter in the center of the ventricle and to elimination of volume segments outside the ventricle.
Pressure-volume loop analysis was performed offline using specialized software (ConductNT version 3.18; CD Leycom). Conductance volumes were calibrated using endsystolic and end-diastolic volumes obtained from MRI.
Gold-standard measures of active diastolic relaxation included the isovolumic relaxation time constant (s) via the method of Weiss [31] and the maximum rate of ventricular pressure decline (peak -dP/dt). To avoid the need for additional vascular access, load alteration was not performed. Therefore, passive ventricular relaxation was assessed using a previously validated measure (l).
where EDP is end-diastolic pressure, EDV is end-diastolic volume, and b is a diastolic stiffness constant derived from single-beat estimation [5, 8, 16, 17, 28] . To adjust for the size range of the study population, l was indexed to body surface area.
MRI
All MRIs were performed using a 1.5-Tesla scanner (Avanto; Siemens Medical Solutions, Erlangen, Germany) according to a standardized protocol including cine imaging, phase-contrast analysis, magnetic resonance angiography, and respiratory-navigated three-dimensional (3D) imaging. The cine imaging included retrospectively gated, balanced, steady-state free-precession cine images in the ventricular long axis, four chambers, and short axis covering the entirety of the systemic ventricle. Assessment of single-ventricle volumes was performed by manual segmentation of short-axis cine images at end diastole and end systole (Argus; Siemens Medical Systems). End-diastolic and end-systolic volumes were calculated using the modified Simpson's rule, and from these volumes, stroke volume and ejection fraction were calculated. According to the standard practice at our institution, all patients younger than 10 years were scanned under general anesthesia. For these patients, the MRI was performed immediately after the catheterization procedure under the same general anesthesia. Older patients (age [10 years) were scanned while awake, immediately before the catheterization.
Echocardiography
Transthoracic echocardiograms were performed using a Phillips iE33 system (Philips Medical Systems, Andover, MA, USA). All studies were obtained with the patient under general anesthesia immediately before heart catheterization, allowing for near identical hemodynamic and physiologic states as invasive measurements. All measurements were made offline by a single blinded reviewer (S.C.) and averaged over three beats. The measurements were repeated 4 weeks later to assess intraobserver variability. The measurements also were repeated by a second blinded reviewer (J.B.) to assess interobserver variability. The echocardiograms were performed by a single experienced sonographer according to a protocol that included a complete set of standardized views to evaluate ventricular mechanics. To evaluate single-ventricular diastolic function, peak early (E) and late (A) diastolic Doppler velocities across the dominant atrioventricular valve (DAVV) were analyzed.
Tissue Doppler (TDI) velocities of the DAVV annulus (E 0 and A 0 ) were obtained using pulsed spectral Doppler. Lateral E 0 and A 0 were measured at the ventricular free wall component of the DAVV annulus. Septal E 0 and A 0 were measured at the septal component on the DAVV annulus. Fused E and A waves were excluded from the analysis. Derived ratios (E:A, E:E 0 ) were calculated. Isovolumic relaxation time (IVRT 0 ) was derived using pulse-wave tissue Doppler at the lateral DAVV and measured from the end of the S 0 wave to the beginning of the E 0 wave. The myocardial performance index (MPI) was calculated as isovolumic relaxation time?isovolumic contraction time/ ejection time, measured using pulsed spectral TDI at the lateral DAVV annulus.
Statistical Analysis
The relationship between PVL and echocardiographic measures of diastolic function was determined using a Spearman's correlation analysis given the nonparametric distribution of the data. A p value lower than 0.05 was considered significant. The analysis of differences in the measures of diastolic function between the stages of palliation was not possible due to the small subgroup sample sizes. Intra-and interobserver variability was assessed by intraclass correlation coefficient using a random effects model measuring absolute agreement. Measurements were made by the original observer and a second observer blinded to the original results 4 weeks after the initial measurements were performed on all the echocardiograms. An intraclass correlation coefficient higher than 0.80 was deemed to be acceptable intra-or interobserver variability. All statistics were performed using SPSS Statistics software v. 20 (IBM, Chicago, IL, USA).
Results

Patient Population
Between November 2010 and February 2012, the study found 25 patients eligible for enrollment. Of these patients, 6 met exclusion area, 6 elected not to participate, and 13 were enrolled. Demographic, catheterization, and MRI data are presented in Table 1 . The ages of the patients ranged from 3 months to 19 years (median 32 months). Nine of the patients were right ventricular dominant, and four of the patients were left ventricular dominant.
The stages of surgical palliation were as follows: poststage 1 palliation (n = 4), post-stage 2 palliation (n = 6), and post-stage 3 palliation (n = 3). The heart rate was higher in patients after stage 1 (median 134 bpm; range 115-153 bpm) than after stage 2 (median 97 bpm; range 90-117 bpm) palliation, and in patients after stage 2 than after stage 3 palliation (median 62 bpm; range 56-67 bpm). The median EDP was 8 mmHg (range 4-12 mmHg).
No significant catheter-based interventions were performed. The median ejection fraction was 59 % (range 32-71 %). The MRI ejection fraction was less than 55 % in four patients. All the patients had s and peak -dP/ dt measured from micromanometer data. Four patients did not have l measured due to either lack of MRI data or poor-quality PVLs.
PVL Analysis
The results of PVL analysis from the total population and the stratified values between the stages of palliation can be seen in Table 2 . Notably, EDP did not correlate with invasive measures of diastolic function. The PVL in a patient with a systemic right ventricle after stage 2 palliation is presented in Fig. 1 .
Echocardiographic Analysis
Four patients did not have complete Doppler interrogation secondary to E and A wave fusion. Two of these patients were at post-stage 1 palliation, whereas one of the patients was at post-stage 2 palliation, and one was at post-stage 3 palliation. All the patients had IVRT 0 and MPI measured. None of the patients had more than mild DAVV regurgitation.
The results of the echocardiographic analysis from the total population and the stratified values between the stages of palliation can be seen in Table 3 . The intraobserver variability for all the echocardiographic measures had an intraclass correlation coefficient of r greater than 0.85. The interobserver variability for all the echocardiographic measures also had an intraclass correlation coefficient of r greater than 0.85.
PVL Versus Echocardiographic Correlations
The comprehensive results can be viewed in Table 4 . Notably, Doppler E:A and lateral E:E 0 showed strong correlation with s. Whereas IVRT 0 exhibited a strong correlation with s and l, it had a modest correlation with peak -dP/dt. As shown, MPI had a modest correlation with EDP and l. Septal TDI Doppler velocities and associated ratios did not show a correlation with the invasive indices and were not included in Table 4 . Notably, when corrected for heart rate via division by the square root of 
Discussion
To our knowledge, this study was the first to compare echocardiographic and conductance-derived PVL measures of diastolic function in patients with single-ventricle physiology. Notably, Doppler E:A and lateral E:E 0 correlated well with s, suggesting that they may be useful for evaluating the early, active relaxation phase of diastole. This is similar to findings in adults with heart failure who have a normal ejection fraction [15] . We found no correlation of lateral E' and s, in contrast to what is seen in adults. This may have been due to our limited, heterogeneous sample or perhaps because most of our patients had normal systolic function, a condition that decreases the correlation of s and E 0 [22] .
The findings showed good IVRT 0 correlation with most measures of diastolic function, suggesting that it also may be useful for the evaluation of overall diastolic function in single-ventricle patients. The MPI is a measure of combined systolic and diastolic performance. It correlated well with l and may be useful for characterizing ventricular chamber compliance. Septal TDI measures did not correlate well with invasive measures, likely because of the variable effects that the hypoplastic ventricle has on the myocardial mechanics of the septal wall [9] .
The importance of diastolic function in single-ventricle physiology is evidenced by the fact that EDP is used before staged surgical palliation in single-ventricle patients for risk stratification [4, 20] . Although ventricular EDP is an established marker of diastolic function, it has limitations including load sensitivity and response to changes in systolic function. Furthermore, there is evidence that elevation of EDP occurs in a later stage of diastolic dysfunction, making it an insensitive marker of early diastolic dysfunction [21] . Menon et al. [22] examined the correlation between echocardiographic measures of diastolic function and EDP in patients with single-ventricle physiology and found a modest correlation of lateral E:E 0 with EDP. In our study, EDP did not correlate with lateral E:E 0 or measures of diastolic function obtained using PVL analysis. This could have been because no patients in our cohort displayed abnormal EDP and because of our limited patient numbers. The PVL-derived diastolic indices we used reflected early diastole, whereas EDP reflects the properties of late diastole. Therefore, it is difficult to know whether the lack of correlation was due to the characteristics of our patient population or the insensitivity of EDP to identification of early-phase diastolic abnormalities. This is supported by multiple studies that have had mixed results when investigating the correlation of early diastolic echocardiographic measures with EDP [11, 13, 22] .
s is a marker of active ventricular relaxation during diastole, and findings have shown it to be prolonged in adults with heart failure and a normal ejection fraction [33] . It also has been shown to correlate with short-term postsurgical outcomes after stage 3 palliation [3] . Although it was not possible to assess for statistically significant differences in s between stages of palliation, we did observe that s was higher in patients after stage 3 than after stage 2 palliation. This agrees with the findings of Penny et al. [23] , which showed prolonged s immediately after the Fontan procedure. It might be presumed that diastolic function worsens with each cardiopulmonary bypass run, which could explain the differences we found in s between stages of surgical palliation.
Doppler and TDI measurements based on the E and A wave or E 0 and A 0 wave could not be measured in 31 % of our patients due to fused E and A waves, a common finding in patients with high heart rates [18] . However, when attainable, their ratios correlated quite well with invasive measures of diastolic function, suggesting that these measures of diastolic function may not be feasible or reliable in children with a single ventricle. The time-based measures of diastolic function, IVRT 0 , and MPI could be measured in all the patients. Therefore, they represent a reasonable alternative when Doppler and TDI measures cannot be used due to E and A wave fusion.
Stratification of echocardiographic measures between surgical stages of palliation yielded another observation. An increase in IVRT 0 occurred between stages of palliation. Like s, the prolongation of IVRT 0 in our population could have been secondary to the decrease in heart rate between the groups. All the patients after stage 3 palliation demonstrated lateral E:E 0 ratios that were elevated. This is consistent with the baseline evidence of diastolic dysfunction in single-ventricle patients described by others [1, 12, 24, 29, 30] . Analysis of intra-and interobserver variability showed excellent reproducibility for these indices of diastolic function, similar to what has been reported by others [6] .
It is important to note the influence of heart rate on s. In healthy adult subjects, s has an upper limit of normal value (48 ms) and an inverse relationship with heart rate [15] . However, it is unlikely that applying adult normal values in children with single-ventricle physiology is appropriate, and established normal data for s in children are lacking. One small study demonstrated that the values of s in children with single-ventricle physiology after stage 2 palliation are similar to those of control subjects. At resting heart rates, all values for both groups were lower than 30 ms [7] . It is possible that children have a lower threshold for an abnormal s. This would be consistent with our findings that after stage 3 palliation, our patients had a s value of 34 ms or less, whereas all their lateral E:E 0 ratios would be considered abnormal ( [15) .
The influence of heart rate on the relationship between s and IVRT 0 also is important to consider. Both have an inverse relationship to heart rate, which could account for a portion of the strong correlation we found between s and IVRT 0 . Schmitz et al. [26] examined this issue by indexing IVRT 0 to heart rate and found that the corrected IVRT 0 had a constant value from infancy to adolescence. However, simply indexing IVRT 0 and s to heart rate is not appropriate because s does not have a linear correlation with heart rate in this population [7] . Unfortunately, our sample was not large enough for performance of a multivariable analysis to correct for heart rate. Studies further establishing heart rates on diastolic indices (both invasive and noninvasive) are needed for children, especially those with a single-ventricle physiology.
Study Limitations
Although strong correlations were identified, our patients had normal EDPs and no more than mild atrioventicular valve regurgitation, which may affect the generalizability of our findings to patients with elevated EDPs and more than mild atrioventricular valve regurgitation. Also, had we used load alteration during our measurements, the correlation of load-dependent and load-independent measures may not have been as strong. Our small sample size did not allow for a meaningful statistical analysis to assess for differences in measures of diastolic function between stages of palliation, ventricular morphology, or systolic function. The small sample also limits the strengths of our conclusions. Future studies are needed to determine the usefulness of echocardiographic measures of diastolic function in the single-ventricle population. Missing data secondary to E and A wave fusion and missing l data points secondary to technical issues decrease the strength of our conclusions regarding these measures.
Two patients had inadequate PVL tracing for analysis due to contact with the ventricular wall. Both of these patients were infants with a systemic right ventricle whose small ventricular size and abnormal ventricular morphology did not permit adequate antegrade catheter placement. The measure of passive ventricular relaxation, l, was calculated from single-beat methods. Whereas this method has been validated in both animals and humans with biventricular circulation, it has not been validated to date in the single-ventricle population.
Conclusion
To our knowledge, this study represents the first-ever comparison of diastolic echocardiographic indices with invasive conductance-derived PVL indices in a single-ventricle population. The findings demonstrated that IVRT 
